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Abstract 
We used a dual stable isotope approach (2H and 18O) and electrical conductivity data in combination with 
hydrometric measurements to trace water fluxes in the soil, stream and trees in a small forested watershed in the 
Italian Pre-Alps. The aim was to understand the main water sources for plant transpiration and runoff generation. The 
data were collected between events and during rainfall events in order to assess the sources of tree uptake under 
different conditions. Sampling and analysis are still continuing but preliminary results show that the isotopic 
composition of tree water was similar to soil water and rain water but statistically different from streamflow and 
groundwater. This suggests that trees used predominantly soil water, rather than groundwater, during the study 
period. No marked difference was found between the isotopic composition of the sap of trees in the riparian zone and 
the sap of trees on the hillslope. However, during dry conditions sap in riparian trees slowly became more similar to 
deep soil water and groundwater, indicating a possible switch in water uptake from shallow to deeper soil water. In 
contrast to the quick response of the stream, the composition of tree water did not change immediately after a rainfall 
event, even though the composition of shallow soil water had changed, which may be caused by storage of water in 
the tree and the low vapor pressure deficit that suppressed transpiration after the rainfall event. Future work will be 
carried out to monitor the seasonal variability in water uptake and its response to rainfall events in more detail. 
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1. Introduction 
The effects of trees on the water balance of densely vegetated watersheds is well known and widely 
documented. However, the source of plant uptake in different environmental conditions is still partially 
unresolved [1] and, therefore, the assessment of the controls exerted by plant water use patterns on the 
streamflow regime [2] remains one of the topics that requires further ecohydrological research. The stable 
isotopes of water (2H and 18O) have successfully been used to determine the source of water (i.e., rainfall, 
groundwater, soil water) for transpiration [3, 4, 5]. Other studies have adopted this approach to estimate 
the depth of water uptake by trees, highlighting a marked variability over seasons and among different 
species [6, 7]. More recently, water stable isotopes were used to test the classic conceptual model of water 
exchange between the soil, stream, and trees in forested environments, which is based on the concept of 
translatory flow and assumes that precipitation infiltrating into the soil displaces the water that was there 
previously, pushing it deeper into the subsurface and eventually into the stream [8]. As a consequence, 
trees are assumed to take up water that also recharges groundwater and feeds the stream. A study 
conducted in a small watershed in a Mediterranean climate [9] and a study in a tropical mountain cloud 
forest ecosystem [10] both showed that two separate sets of water bodies with different isotopic 
characteristics exist: a highly mobile precipitation pool that quickly infiltrates into the soil and eventually 
contributes to streamflow and, conversely, a tightly bound soil water pool derived from precipitation that 
is modified by evaporative processes and is taken up by plants, not contributing significantly to runoff or 
groundwater recharge [9, 10].  
This study aims to determine the sources of water for streamflow and tree water uptake in the Pre-
Alpine range in Northern Italy. This area has experienced a large expansion of forested areas (mainly 
broad-leaved species) over the past five decades. Particularly, our goals were: i) to investigate the spatial 
and temporal variability in tree water uptake, and ii) to identify the main water sources for tree 
transpiration. 
2. Study Area and Methodology 
The study took place in the 2 ha Ressi catchment in the Pre-Alpine range in northeastern Italy (Fig. 1). 
The elevation of the watershed ranges between 610 and 725 m a.s.l.. Mean annual precipitation is 1695 
mm and average temperatures range between 1.2°C in January and 18.7°C in July. Beech, chestnut, maple 
and hazel are the main tree species in the area; hornbeam and ash are less common. Precipitation, air 
temperature and soil temperature at 0-6 cm, stream water stage, soil moisture at 0-30 cm depth (at four 
locations: riparian, hillslope bottom, middle hillslope, upper hillslope), and the groundwater level (at three 
locations in the riparian zone and lower hillslope) were recorded continuously at a 5-min interval between 
July 2011 and March 2012 and from July 2012 until present (Fig. 1). A fourth piezometric well (GW 4) is 
available for manual measurements. Groundwater, soil water and rainfall electrical conductivity (EC) 
were measured in the field using a portable conductivity meter, whereas stream water EC has been 
measured continuously since July 2012 using a recording conductivity probe. Samples of stream water, 
groundwater, sap, i.e., water within the xylem conduits (six beech trees in 2011: three in the riparian zone 
and three on the hillslope, and four beech trees in 2012: two in the riparian zone and two on the hillslope), 
and when possible soil water at two depths in both the riparian zone and on the hillslope (using suction 
lysimeters) were taken weekly during two field campaigns in late summer and early autumn (Fig. 1). The 
selected beech trees were also sampled before and after a rainfall event in September 2012. Sap samples 
from five additional beech trees were taken on August 25 and September 2, 2012. Overall, sap was 
sampled on 16 occasions. Rainfall, groundwater, and streamflow samples were also taken during five 
rainfall-runoff events in 2012 for hydrograph separation. Bulk precipitation was collected bi-weekly 
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(monthly during the winter) from summer 2011 to autumn 2012 from a plastic bottle sealed with mineral 
oil near the rain gauge. All samples were analysed for isotopic composition of 2H and 18O by laser 
absorption spectroscopy, which has proved to be a suitable instrument for hydrological applications [11, 
12]. Sap was extracted from the beech twigs in the field using a pressure chamber [13].  
 
 
Fig. 1. Map of the Ressi catchment showing the location of field measurements and sampling locations. GW: groundwater; SW: soil 
water; SM: soil moisture. GW4 was only used for manual measurements. The position of the selected beech trees sampled in 2012 is 
also shown.  
3. Results and discussion 
3.1. Average composition of the water sources 
Figure 2 shows the average isotopic composition of all precipitation, streamflow, groundwater, soil 
water, and sap samples collected during this study. Streamflow, groundwater and soil water samples are 
divided according to the hydrological conditions during the time of sampling (baseflow conditions and 
during events). The isotopic composition (for both isotopes) of groundwater was quite stable over time 
and statistically similar to that of streamflow during baseflow (non-parametric Mann-Whitney test p > 
0.05). On the contrary, stream water during the rainfall events became more enriched, tending towards the 
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summer rainfall signal (typically between -30‰ and -40‰ for 2H and between -5.5‰ and -6.5‰ for 
18O for the selected events). Soil water composition also changed in response to precipitation, becoming 
more enriched during summer and late fall. Interestingly, the average isotopic composition of shallow soil 
water during baseflow conditions during the entire sampling period was statistically different from 
groundwater and stream water (Mann-Whitney test p < 0.001) but similar to that of the sap of the trees in 
the riparian zone and on the hillslope (Mann-Whitney test p > 0.05). Given that no fractionation occurs 
during root water uptake [14], we infer that the trees used soil water, rather than direct precipitation or 
water stored in the saturated zone Similar results were found in different environments by other 
researchers [1, 9, 10], who showed consistency in the stable isotope values of soil water and sap, 
suggesting a preference of trees for water uptake from the shallow soil layers. On the contrary, our 
findings disagree with those obtained in an oak and maple scrub and in a ponderosa pine-dominated 
forest, where the isotopic composition of mature tree water was mainly consistent with soil water at deep 
layers [3, 16] and winter precipitation [16]. 
 
Fig. 2. 18O vs. 2H plot for the average of all water samples collected during the monitoring period. Error bars represent the 
standard deviation. Samples of stream water, groundwater and soil water are separated according to the hydrological conditions 
during sampling (baseflow conditions or events). The Global -, Local -, and Central Mediterranean Meteorological Water Lines are 
also shown.  
3.2. Temporal dynamics of sap 
Figure 3 presents the time series of the monitored hydrological variables and the isotopic composition 
of the different water bodies before and after consecutive rainfall events at the end of August-beginning 
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of September 2012, following a dry period (Fig. 3B). Streamflow reacted quickly to rainfall inputs, even 
during dry conditions, likely due to channel interception and the response of the narrow riparian zone [15] 
(Fig. 3C). The isotopic composition and EC of stream water changed rapidly (Fig. 3C), reflecting the 
rainfall signal (Fig. 3B) and revealing a relatively important contribution of event water to streamflow. 
Subsequent events (slightly higher intensity and larger rainfall amounts) generally produced larger runoff 
responses, in part also due to the higher antecedent soil moisture conditions. The groundwater response 
was damped compared to streamflow, both hydrometrically and in tracer composition (Fig. 3D); 
groundwater responded significantly only during the wet period. Contrary to groundwater and similar to 
streamflow, soil moisture reacted quickly to rainfall input and EC decreased and 2H and 18O increased 
(Fig. 3E) in response to the isotopically enriched and low conductivity rain water (Fig. 3B).  
In contrast to the quick hydrological response of the soil and stream, the isotopic composition of sap 
did not change appreciably to rainfall input but became more depleted during late summer. This likely 
reflects tree water uptake from deeper soil layers that were isotopically more depleted, and more similar 
to groundwater (not shown here). This observation might suggest a consistency with the temporal 
variation in depth of water uptake depending on changes in climatic conditions found in other studies [1, 
6, 17]. Even though the long-term data (2011+2012) from the trees in the riparian zone and the trees on 
the hillslope showed no significant difference in the isotopic composition of sap (Mann-Whitney test p > 
0.05), sap samples from three trees in the riparian zone (the two trees selected for the long term 
measurements plus one additional tree) and six tree on the hillslope (the two trees selected for the long 
term measurements plus four additional trees) showed that sap in the trees in the riparian zone was 
isotopically more depleted and less similar to shallow soil water than sap in the trees on the hillslope 
between August 23 and September 3 (Fig. 3F). This, in agreement with the spatial variability in the depth 
of water uptake observed elsewhere [6], might suggest a different water source during the observation 
period for the hillslope trees (shallow soil water) and riparian trees (deep soil water) but more data are 
needed to prove this. Moreover, the isotopic composition of sap did not change one day after the 
precipitation event, which we attribute to the relatively low temperature (Fig. 3A) and the low vapor 
pressure deficit, resulting in relatively low transpiration rates [18], and the storage of water in the trees. 
Unfortunately, we do not have isotopic data of the sap during the following days to support these 
hypotheses but future field campaigns will be conducted to verify these observations. 
4. Conclusions 
The first results of this ongoing research in the Italian Pre-Alps show that the isotopic composition of 
tree water was similar to soil water and rain water but different from streamflow and groundwater, 
indicating that during late summer and early fall two different water pools exist in the Ressi catchment. 
However, our results are based on a limited dataset and further work is necessary, in particular to 
determine the seasonal variation in the composition of the water sources and water uptake dynamics, and 
to study the dynamics during rainfall-runoff events during different wetness conditions in more detail. 
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Fig. 3. Temporal series of air and soil temperature at SM3 (panel A), rainfall intensity, rainfall 2H and EC (panel B), streamflow, 
stream 2H and EC (panel C), groundwater level, groundwater 2H and EC at well GW1 (panel D), soil moisture at the four 
locations along the hillslope and soil water 2H and EC at SW1 and SW2 (panel E), 2H of sap of the selected and additional trees in 
the riparian and hillslope zone (panel F) between the end of August and the beginning of September 2012. Five additional beech 
trees reported in panel F were only sampled before and after the 1 September rainfall event and are not presented in Fig. 1. Due to 
the significant correlation between 2H and 18O values, only 2H is shown. 
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